Background: Technological advances in sequencing, assembly and segregation of resulting contigs into species-specific bins has enabled the reconstruction of individual genomes from environmental metagenomic data sets. Though a powerful technique, it is shadowed by an inability to truly determine whether assembly and binning techniques are accurate, specific, and sensitive due to a lack of complete reference genome sequences against which to check the data. Errors in genome reconstruction, such as missing or mis-attributed activities, can have a detrimental effect on downstream metabolic and ecological modeling, and thus it is important to assess the accuracy of the process.
INTRODUCTION
41 High-throughput sequencing has revolutionized microbiology by allowing investigation of 42 natural communities in a culture-independent manner (Long et al. 2016 ; White et al. 2016b ; 43 Zhou et al. 2015) . While general characterizations of organismal diversity through sequencing 44 marker gene amplicons (e.g., 16S rRNA, 18S rRNA, ITS) or direct functional gene counts from 45 metagenomic data are useful, one goal of metagenomics has always been to obtain complete 46 genome sequences of organisms from environmental samples. Having a complete genome 47 sequence provides a platform for understanding the range of metabolic roles an organism can 48 play within a community and the interactions it has with other organisms, and can provide 49 specific context for interpretation of transcriptomics and proteomics. 'Genome reconstruction' 50 (also referred to as 'genomes from metagenomes'), the process of segregating either sequence 51 reads or assembled contigs and scaffolds into organism-specific 'bins', has benefitted from 52 continuing advances in sequencing technologies, sequence assembly algorithms and segregation 53 methods (Sangwan et al. 2016) , from early successes assembling genomes from a simple 54 community (Tyson et al. 2004 ) to more recent studies reconstructing many organisms from Wu et al. 2016) . One shortcoming of this approach is that while it is generally possible 58 to assemble metagenomic data and segregate it into bins, determining the correctness and 59 completeness of the final product has been impossible in almost all cases because of the lack of 60 appropriate reference genomes for environmental samples. Genome reconstruction techniques 61 have been tested using synthetic communities of cultured organisms, but such communities do 62 not exhibit the type and amount of variability found in natural communities, and thus cannot 63 replicate the complications this variability causes.
64
Unicyanobacterial consortia (UCC) were developed as models systems to investigate the 65 mechanisms of metabolic interaction between cyanobacteria and heterotrophs. These systems 66 provide an opportunity to compare reconstructed genomes against a robust reference genome set 67 and learn about potential gaps and pitfalls of current reconstruction processes. Two consortia, 68 each containing a single unique cyanobacterial species and sharing an additional 18 heterotrophic 69 species, were derived from a natural mat community (Cole et al. 2014 ). The communities have 70 been sequenced to near-completeness, and genome reconstruction has been performed (Nelson et 75 Previously, we have shown that common aspects of the genome reconstruction process 76 (assembly from a complex sequence space and segregation of contigs based on read depth 77 profiles and sequence composition) to be both specific and sensitive (Nelson et al. 2015) . Here 78 we focus on identification of regions that are missed or mis-binned by current techniques, 79 examine why the current processes fail, and suggest factors that should be considered in 80 evaluation of reconstruction data or in development of new techniques.
81
We have investigated the nature of genomic regions that under current standard genome 82 reconstruction techniques are not recovered (herein referred to as missed detection regions, or 83 MDRs) to evaluate how these regions differ from recovered regions (correct detection regions, 84 117 Intragenome redundancy 118 To calculate intragenome sequence redundancy, each genome sequence was searched against 119 itself using nucmer v3.0 (Kurtz et al. 2004 ) with the maxmatch option, and a per-base 120 redundancy was calculated. Average redundancy values for the entire genome, each CDR and 121 each MDR were calculated from the per-base data, and the arithmetic distance between these 122 averages determined. One thousand sets of random coordinate regions of the same number and 123 lengths as in each set were analyzed to determine confidence.
124 Metagenome redundancy 125 To determine the redundancy of sequences within the metagenomic data set, metagenome reads 126 were searched against genome sequences using bowtie2 (Langmead & Salzberg 2012 (Karlin et al. 1998 ), so much so that it has been proposed as a metric of classification at higher 162 taxonomic levels (Wayne et al. 1987 ). Because of this, %G+C serves as a primary screen for 163 segregation of contigs from metagenomic assembly. It is not uncommon, however, to observe 164 regions within a genome that differ significantly from the genome average (Bohlin et al. 2010) . 165 This variation can be the result of selective pressure for structural properties in non-coding 166 genes, for instance ribosomal RNAs and other functional RNAs have been shown to vary in 167 nucleotide composition in correlation with optimal growth temperature (Galtier & Lobry 1997b) . 168 In other cases, variant %G+C indicates a region which has been acquired recently (in 169 evolutionary time) from a non-related source (horizontal gene transfer) (Wixon 2001 (Fig. 1) . There was a slight bias toward higher 188 %G+C for the MDRs and lower %G+C in the CDRs, which reflect a bias in the assembly 189 algorithm.
190
Tetranucleotide frequency (TNF) has been shown to be capable of distinguishing higher One factor that could affect nucleotide composition effects on binning is the length of the 200 region with variant composition versus the length of the contig. If the variant region comprises 201 most of the contig being evaluated, the difference from the genome average will be pronounced, 202 whereas if the variant region is only a small percentage of the contig, the signal will be muted. 203 An examination of CDR/MDR length versus compositional variance (Fig. S1) . Differential coverage analysis, however, has the drawback that duplicated regions of a 222 genome will yield higher coverage values than the genome average and are likely to be either 223 excluded from any bin, or binned improperly. This effect is compounded by the fact that 224 assemblers (especially standard de Bruijn graph assemblers using short-read data) are also 225 confounded by repeated sequences and tend to terminate contigs when repeats are encountered 226 and/or assemble repeats into separate contigs (Pop 2009 ). Thus, unlike nucleotide composition 227 variance, any high-coverage signal is unlikely to be diluted by incorporation into a larger contig.
228
To examine the impact of sequence duplication on genome reconstruction, we determined 229 the multiplicity of sequence information across CDRs and MDRs, measured by sequence 230 coverage, and compared those values to the genome average. Correspondence of repeated 231 regions and MDRs was strong (Table 4, Fig 2, Fig S2) . In HL-111, all MDRs save one were 232 present in at least two copies (Fig 2) . For all reconstructions, save HL-46, the MDRs had a 233 significantly different multiplicity than the genome average (p ≤0.005), while the CDRs were 234 essentially the same as the genome average (Table 4) . One exception was a plasmid from HL-235 109, where the CDRs showed a significantly lower multiplicity than the average for the plasmid 236 (1.0 vs 1.28, p=0.002) (Fig S2) . This appears to be caused by the plasmid containing a high 237 number of repeated regions which were not recovered during binning.
238
Another phenomenon that can affect contig coverage in metagenomic assembly is 239 multiple organisms sharing identical regions of DNA. Some regions are highly conserved 240 between related species, an example being the ribosomal RNA operon, which is known to 241 confound assemblers and segregation strategies (Ghurye et al. 2016 ). Alternatively, mobile 242 elements such as plasmids or transposons can have a broad host range and invade and inhabit 243 closely or even distantly related organisms (Frost et al. 2005 ). Such regions, even if not repeated 244 within a genome, will exhibit anomalous coverage and thus could be either excluded or mis-245 binned. We examined the metagenomic read coverage depth to determine if MDRs had 246 anomalous profiles relative to the whole genome and the CDRs. For most reconstructions, the 247 MDRs' coverage differed from the genome average and that of the CDRs (Table 5, Fig 2, Fig   248 S2 ). Only HL-46 and HL-49 did not have significant differences. Most MDRs displayed higher 249 or equivalent coverage values, however, several MDRs in HL-48, and the two small plasmids 250 associated with HL-91 showed lower metagenomic coverage values (Fig S2) . A likely 251 explanation for this is the presence in the consortia of sub-populations of these organisms with 252 either sub-species level variation caused by insertion/deletion events or alternate plasmid 253 content. For all the reconstructions, the gene content of the MDRs differed from that of the CDRs 265 and complete genomes. Functional analysis of gene sequences shows that this difference was 266 largely driven by genes encoding mobile element functions (COG category X) and RNA genes 267 (Figure 3) . The mobile element genes in the MDR regions were predominantly transposases 268 with some contribution from bacteriophage and plasmid genes (HL-91; HL-93). Most of the 269 identified rRNA genes fell within MDRs, with only HL-48 and HL-53 each having one rRNA 270 contained in a CDR. In addition, the MDRs, including the two entire plasmids from HL-91 271 which were not binned, contained a higher percentage of genes that were not assigned to a COG 272 category. . It is significant that many of the MDRs displayed lower %G+C than 286 the genome average, since it has been observed that laterally acquired regions tend to have lower 287 %G+C than their hosts (Daubin et al. 2003) , while phage and insertion sequences tend to have 288 A+T-enriched genomes (Rocha & Danchin 2002) . Notably, many genome regions with variant 289 nucleotide composition were incorporated into longer contigs by the assembler, masking the 290 variance and allowing correct binning. Conversely, the assembler collapsed repeated region 291 sequences into single contigs, and thus they were mis-binned due to the inflated sequence 292 coverage values. Often repeated sequences displayed variant nucleotide composition, but the 293 reciprocal was less frequent, indicating that repetitiveness is the stronger driver of mis-binning. 294 These results demonstrate that assembly efficiency is an important determining factor for correct 295 binning, or conversely, any factor that results in shorter assemblies will result in poorer recovery 296 of anomalous regions. Thus, it is advisable to include replication and positive controls in 297 metagenomic sequencing protocols, particularly for highly diverse communities such as soils and 298 riverbed sediments, to allow evaluation of assembly efficiency and accuracy.
299
Repeated regions identified in this study appeared to largely consist of insertion elements 300 based on functional analysis and their relatively short size (1-2 kb). Mis-binning of these regions 301 is unlikely to meaningfully affect functional predictions for a reconstructed genome. Their 302 presence in a genome is more likely to affect metabolic reconstruction analysis by reducing 303 assembly efficiency, resulting in more, shorter contigs and increasing the chance that these 304 shorter contigs are mis-binned. Technological advances increasing read length beyond 2000 nt 305 will increase contig lengths, binning accuracy, and the likelihood of yielding closed genomes 306 from environmental samples (White et al. 2016a ).
307
MDRs were generally observed to be short, with a median length of less than 5 kb ( This analysis indicates that reconstructed genomes estimated to be near-complete can be 322 assumed to contain nearly all genes important to metabolic reconstruction. The majority of 323 identifiable genes present on MDRs appear to be either highly conserved, non-coding genes that 324 can be assumed to be present (such as the rRNA genes and tRNA genes) or are associated with 325 mobile genetic elements. While many of these genes may be not be directly related to cellular 326 metabolism (transposases, toxin/antitoxin systems, phage and plasmid functions), it should be 327 noted that entire extrachromosomal elements may be missed by the binning process due to either 328 alternate nucleotide composition, a higher number of copies per cell than the genome, or 329 occupancy in only a subset of the population (such as the two molecules in HL-109). These 330 elements frequently carry genes that alter the physiology or resistance of the host organism. For 331 example, HL-109 and HL-111 have MDRs that includes genes involved in glycan biosynthesis, 332 suggesting alterations to the cell wall, while HL-91 has picked up a multidrug efflux transporter. 333 As such, reconstructed genomes can be considered reliable foundations for metabolic 334 reconstruction, but should not be assumed to be comprehensive for the function of the organism. 
